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Though the first documented] photovoltaic effect is associated with a

semiconductor/liquid junction, it has not been until very recently that

significant solar energy conversion efficiency could be realized with a

photoelectrochemical device. A semiconductor/liquid junction solar cell is one

where one or both electrodes in an electrochemical cell is a semiconductor
such that irradiation of the semiconductor(s) results in the non-spontaneous
flow of electric current in the external circuit. Photogeneration of
storable chemical fuels in the form of electrolytic products is possible,

in addition to the prospect of converting light only to electricity when

the redox reaction occurring at one electrode is the reverse of that at the
other. The aim of this Account is to outline our recent research
accomplishments in the field of photoelectrochemistry. Our work in this
area began in late 1974 - more than a century after the first studies! of
photoeffects upon irradiation of an electrode in a cell and a number of years
after modern pidneering studies of semiconductor/liquid 1nterfacesz'5 which
Ted to the formulation of our present working hypotheses of such interfaces

exposed to optical illumination.
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Semiconductor/Liquid Junctions

Our research in semiconductor photoelectrochemistry began when a good
working model for the semiconductor/liquid junction had aiready been
formulated and perhaps best articulated by Heinz Gerischer.6a A summary
of the junction characteristics is essential to an appreciation of the
problems confronting us when we began. We briefly describe the inter-
facial situation essentially in Gerischer's terms.

Immersion of a semiconductor electrode into a Tiquid electrolyte
solution may result in charge-transfer equilibration between the two
media. The potential of the electrode, Ef. is then poised to the

electrochemical potential of the solution, E The -interesting

redox*
.finding is that the equilibration results in a relatively thick
space-charge layer in the semiconductor near the surface exposed to

the liquid. For semicpnductors where the majority charge carriers are
positive holes, the material is referred to as p-type, and where the
majority charge carriers are negative electrons, the material is referred
to as n-type. The effect of the equilibration is to reduce the majority
charge carrier density near the surface, and the space-charge layer is
therefore also referred to as the depletion region. Scheme I shows the
{nterface energetics for n- and p-type semiconductors immersed in liquid
eTectrolyfe solutions. Eya denotes the top of the valence band and can be
regarded'as the position of the highest occupied molecular orbitals
delocalized over the solid, and ECB denotes the bottom of the conduction
band which represents the Towest unoccupied molecular orbitals. The
energetic separation of EVB and ECB is the band gap, EBG’ and light

of energy z-EBG is useful in exciting electrons from the valence band to
the conduction band. The objective in energy conversion applications is

to efficiently transduce the excited electron hole pairs to produce
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electricity or chemi<. uel. In Scheme I, the depletion region is that

region in the semicor:. ":or near the interface where the bands are bent,

upwards for the n-type and downwards for the p-type semiconductor.
For a given semiconductor/liquid junction the positions EVB and ECB

are generally taken to be fixed relative to E Owing to the

redox’
band bending, photogenerated minority carriers (e™'s for p-type, holes for

n-type) are driven to the surface exposed to the liquid and are

available for redox reaction. The hole for n-type materials has an

oxidizing power no greater than EVB’ while the e 's for a p-type

photocathode have a reducing power equal to ECB' However, just what redox

processes can be light driven depends on interfacial charge transfer kinetics
(vide infra). Scheme II summarizes the interface energeticsand circuits for
so-called regenerative cells, where the reaction occurring at the photo-

electrode is the reverse of that at the counterelectrode. The cbjective is

to optimize the product of output voltage, EV’ and photocurrent. Increased
band bending reduces EY but inhibits electron-hole recombination and back
reaction. Approximately 0.3 V of band bending is needed to give quantum
yiest'for electron flow approaching unity.

Whermr fuel formation iﬁ the form of electrolytic products is desired 5
thg.reaction at the photoelectrode is not simply the reverse of that at the l
_counterelectrode. Fof-example, photoelectrolysis of Hzp involves the
Hzp/HZ couple at one electrode and the OZ/HZQ couple at the other. The
desired energetic situation is that the ECB and EVB positions straddle the
potentials of the solution couples, Scheme III, so that the excited electron-hole
pairs have the oxidizing and reducing power needed to drive the two half-cell
é reactions. In such a case, no other energy input other than light is needed

to produce the fuel.
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SCHEME III Energetics required to be able'to photochemically drive
the reduction of B* and the oxidation of A with no other
energy input other than light.

N




',zpn—-«-' r T, ——————— —-

p

Unfortunately, anodic reaction of n-type semiconductors is a hole process

The Practical Problems

competitive with other hole processes, and in particular, photoanodic

decomposition competes with the oxidation of solution reductants.

The consequence of photoanodic reaction of the semiconductor is disaster: the

photoelectrode is either irreversibly consumed or surface corroded in a manner

which renders it useless. A1l n-type semiconductors are subject to photoanadic

decomposition, since the formal potential for oxidative decomposition, ED°,
is more negative than Ev redox(A+/A) is more positive than

ED° spontaneous oxidation of the semiconductor by the electroiyte solution

3%8 Further, if E

L i{s possible in the dark. The rates of the various hole processes determine

uhetﬁer a given system will be inert; as always, thermodynamics reveals only
‘what is possible, not the rate of a spontaneous process. But it is an empirical
fact that all non-oxide'n-type semiconductors undergo photoanodic decomposition
reaction iﬁ aqueous electroiytes. Even some very thermodynamically robust
oxides are susceptible to photoanodic decomposition; the oxidizing power of
photogenerated holes in such materials can be greater than that of elemental:
[ " fluorine.
Incorporating the notion that anodic decomposition can occur results in

Timitations to what junctions are thermodynamically stable. Further, to the
f extent that Ebf is above EVB‘one-cannot.obtain a thermodynamically stable
: 1unét10n having a barrier height equal to EBG’ suggesting that efficiency

will be Timited to a value somewhat below theoretica]? Scheme IV shows a

E thermodynamically stable junction with respect. to oxidative processes, but
'whether the semicohductor is observed to be durable under illumination depends
on the A + A+ conversion having 100% current efficiency; that is, the rate of
oxidation of A by the photogenerated hole must be infinitely greater than the

rate of oxidative decomposition of the semiconductor. The sustained operation

.h";""""-'*----ﬂ----------....u.... b
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SCHEME IV Interface energetics for a semiconductor/liquid
junction which is thermodynamically stable to
oxidative decomposition of the semiconductor;
the semiconductor decomposition potential, EQ,
is more gpsitive than the solution potential,
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" of a semiconductor/liquid junction cell, therefore, depends crucially on f"w
the kinetics of interfacial charge transfer. It has been- speculated that all

p-type materials undergo decomposition at least on the surface, simply upon

immersion into an electrolyte solution, since the value of Ef at EFB is near

EVB and there are holes available in the dark to provide a mechanism for

oxidation?, Also, photocathodic decomposition of p-type materials may limit

their use.7'8

While maintaining the integrity of the photosensitive electrode surface

1s essential to any sustained energy conversion, the conversion efficiency

will depend on the quantum yield, EV’ and the match of EBG to the optical

energy source. Like all other photovoltaic devices, the semiconductor/liquid

Junction cell is a threshold response system: light < EBG in energy is

completely transmitted and therefore ineffective, but light > EBG is no more

effective than light of energy EBG‘ Sunlight is polychormatic, and the

theoretical solar energy conversion efficiency maximizes at about 30% for a

singTe photoelectrode-based cell with an optimum Egg Of <14 eV;9 a double .

photoelectrade (p-type photocathode, n-type bhotoanode)6b

_ce11 with t&o different
9 .
|

- band gaps could ideally be over 40% in efficiency

Photoelectrolysis of Water
Im 1972, Fujishima and Honda claimed the sustained

oxidation of Hzp at illuminated TiOZIO Their paper; frustration at gasoline
stations; and the desire to gaim funding and entry in a new research field;
stimulated us to begin our work in photoelectrochemistry, and early in

1975 we published the results of an investigation concerning the use of

n-type ‘HO2 as a photoanode in a cell for the photoelectrolysis of Hzo to

n Experiments were carried out in HZO/DZ]SO solution and gases

H2 and 02.
evolved at photoanode (Tioz) and cathode (Pt) were identified as
]80]60, 1602, and ]802 and HZ’ HD, and D2 by mass spectroscopy. Current

efficiencies for the production of 02 and Hz were essentially in accord

L—-——-——n—-_-_-“._“ " N I I X S st cosiciacscsc il




with equations (1) and (2), and measurement of the mass of Ti0, before and

[Photoanode] H,0 eht (2 o} | 0, + 2H + (Ti0,) (1)
[Counterelectrode] 2H+ 2, t-l2 (Pt) (2)

after prolonged photoelectrolysis was the same. Finally, current densities
of ~-0.5 A/cm2 for 02 evolution were sustained in alkaline solution, using
uv-laser excitation for HZO oxidation. These data provided compelling proof
that TiOz is a very durable photoanode material for the highest sustained
rate of optical to chemical energy conversion ever demonstrated.
But additionally, we found that the chemistry represented in equations
(1) and (2) could not be effected by simply short-circuiting Ti0, to Pt and
‘{1luminating with >EBG = 3.0 eV light. Rather, it was found that a power
supply in series in the external cjréuit providing ~0.2 V of driving force
is needed. The value of Ev for 02 evolution is only ~1.0 V. Thus, though
the water splitting requires a potential difference of only 1.23 eV, the‘
3.0 eV band gap Ti()2 could not achieve this minimum voltage. The difficulty isreadily
appreciated fram the fact that the Ti0,, band positions relative to the H, and 0, evolution
patentials are swch that ECB ismore posi tive than the l-hevolutim patertial by ~0.2 V. Cleanrly, the phot
generated hole is capable (thermodynamically) of oxidizing Hy0 to 05, but
the excited electron potential isnot more nggative than ECB and falls shy of
the Hz evalution potential by the~0.2 V. needed from the power supply. It is
very likely that short-circuit photocurrents observed in Tioz-based cells in
fact corresponds to HZO oxidation to 02 but does not involve H2 evolution at
thé Pt; rather, the cathode reaction is reduction of 02 or some other electrolyte
i anpur.'l ty. Iﬁdeed. Bard] v
H0 - 0, (photoanode) 0, + Hy0 (cathode). Such a cell is inefficient for

2 has exploited the T1‘02 system to generate electricity:

solar conversion owing to the large EBG of TiO2 which results in only ultra-

violet response.
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Tioz-based cells as practical systems suffer from
too large a band gap and the need for the ekternal driving force in series
with the photoeffect. The ideal photoelectrode would have the interface
energetics as sketched in Scheme OI where the 02 and H2 evolution potentials
are the solution potentials of importance. Valence band holes would effect
02 evolution, and conduction band electrons would have the
potential to evolve HZ' Excess energy in the EBG compared to
the 1.23 V needed to split Hzo-would be necessary to
drive the redox chemistry at a fa#t rate.

14,15 Leported the first sustained

Ih 1576 we13 and two other groups
conversion of Hzo stoichiometrically to H2 and 02 using lTight as the only input
energy source employirg'an n<type Srt1'03-based cell. For Srt1‘03 the shortcircuit, full cell
emergetics are such that ECB ard EVB straddle the H2 and Ozevolutim potentials Like T.ioz, Sr-TiO3
fs a very durable material and was found to remain unchanged after prolonged

use as a photoanode in alkaline media]3 Unfortunately, SrTiO3 has too large a

band gap to be useful in solar energy applications, but such a cell has
monochromatic ultraviolet light to stored chemical energy conversion

efficiency in the range of 25-30%!. This still represents the state of the
scfence in bhotoelectroTysis, with a solar energy conversion efficiency in the
range of 1%.

SrTiOsfbased cells have also been used to demonstrate the highest

iustained rate of optical to chemical energy]6 With an Ar {on laser tuned

to the 351, 364 nm doublet emission, we showed that the photoelectrolysis of

HZQ can be effected with an O2 evolution current density exceeding 5 A/cmz.
The efficiency. of the energy conversion was determined to be largely independent

of the energy conversion rate. The data showed SrTi03-based cells to be able

b et s il il ®



-y

to generate >30 N/cm2

of stored chemical energy in the form of H2 and 02
without substantial decline in efficiency and there was no detectable
deterioration of the photoanode material.

Platinized single-crystal n-type semiconducting SrTiO3 effects the
evolution of both H, and Q rﬁg H,0 when illuminated with ultraviolet
light in aqueous electrolyte solutions]7 The results are not surprising
in view of the interface energetics; platinizing the ‘
SrT103 surface is not unlike short-circuiting the semiconductor to a Pt
counterelectrode. For the platinized material 02 is evolved at illuminated,
naked SrTiO3 whereas the platinized portions serve as the cathode (site of
HZ evolution). Such platinized semiconductor matgria] can be no more
efficient than the electrochemical cell and suffersthe disadvantages of
(1) non-useful light absorption by the Pt, (2) evolution of Hy and 0, in
the same region of space and (3) inability to run the photoélectrolysis at the
"maximum power point" of the photocurrent/potential curve associated with the

photoelectrolysis of Hzp.

There have been a number of other n-type semi=

conducting oxides used as the photoanode in a cell for the electrolysis of
Hzp- So far, all materials used suffer from at least one of the following:
poor wavelength response, decomposition, or improper disposition of the
. band edges relative to the Hz'and Oz'evolqt1on potentia]s..w'19 Table I.

The improper disposition of bands is a difficulty which at First would
seem surmountable by simply varying the pH at which the photoelectrolysis
is conducted. The rationale is that both 02 and H2 evolution are pH
sensitive but always separated by a minimum of 1.23 %
The idea is that if the conduction band falls shy of the H2 evolution potential
then the pH could be lowered tomove the H2 evolution to anore positive value. For
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semiconductors generally, this may be possible, but for the oxides studied

_thus far they are either soluble at a useful pH or the E., and E

c8 VB
positions move with pH such that ECB and EVB and 02 and H2 are all
constant relative to each other.m The pH dependence of the band edges is

a consequence of surface acid-base equilibria resulting in a different

chemical composition at the surface as the pH is varied. Generally, EVB

and E.g will only remain fixed if the solution has a constant composition.

b e — . |

Non-Oxide, n-Type Semiconductors and Electricity Generation {

There is not a single. non-oxide, ; |
n-type semiconductor which has been shown to be capable of susfaim’ ng 02
evolution from H?_O when illuminated. Rather, all such materials undergo
efficient photoanodic decomﬁosit*ion?’aThe situation with CdS is
-representative; it undergoes photoanodic decomposition according to
equation (3). Photocurrent lasts only as long as it takes to foﬁn an
2+

: z_hy_-h o
Cds Cdaq +S + 2 (3)

insulating layer of élemental sulfur on the CdS surface. It appears that the
photogenerated holes in CdS do have the necessary oxidizing power to effect bz
evolution fronr' HZO’ but the oxidation of the lattice is kinetically faster.

Such seems to be the case with a number of other non-oxide materials, and

our efforts since mid-1976 have focused on the problem of learning how to
mMpulatﬁ the relative rates of the various hole précesses that may occur.

In 1976 well and.two other research groupszz'aindependent'ly reported that CdS

and CdSe could be protected from photoanodic decomposition by adding Nazs

and S to the aqueous solution. The dramatic improvement in the constancy of

photocurrent froma CdSe-basedcell isevident inFigure 1. In this system the oxidation

2', ad

reaction occurring at the photoanode is the oxidation of some plysul fida‘Sn
apparently not the oxidation of the lattice selenide. At the counterelectrode the reduction

of some Shz' species cbtains togive a cell where ro ret chenical change results . The




redox processes occurring at the two electrodes are the reverse of one aother as in Bard's] 2
TiOZ-based cell, but the EBG for CdSe s 1.7 eV, giving significant visible response. Suchcells
thus can be used to sustain the conversion of light t electricity by putting a 1oad in series
in the external circuit. The situation is essentially that shown in Scheme II,
and the objective would be to optimize the product of photocurrent and
voltage for a given input optical power.

The sustained use of other non-oxide photoanodes depends on being able
to protect them from photoanodic decomposition. Accomplishing this by

adding reductants to the solution sacrifices the ability to directly oxidize

.HZO (or any other reductant) but oxidation of the additive may be valuable

in its own right, or if the oxidation can be reversed at the counterelectrode

conversion of light to electricity can be effected.

Hezq’and m:hers25 have now established that a number of non-oxide, n-type

photoanodes can be protected from decomposition by at least one of the xnz‘
(X =S, Se, Te) systems. A list of photoanodes and their band gaps which can
be used are given in TableII. A number of these electrode materials in the
Xn?’ containing electrolyte solutions yield fairly efficient (> 5% efficiency)
solarcells.




Non-aqueous solvents can be used to
dissolve a large number qf organic and organometallic redox couples which
have fast heterogeneous electron transfer rates and'which have formal
potentials covering much of the electrochemical potential scale. Bard's
studies of semiconductor/non-aqueous electrolyte systems has provided for
the location of the semiconductor band edges on the electrochemical scale.
Further, the studies revealed the presence of electrochemically important
surface electronic levels situated between EVB and ECB' Such surface and
interface states may play a crucial role in the overall kinetics in many
liquid junction devices.zs’27
Bard and Nrighton7pointed out that non-aqueous solvents could
offer some advantage with respect to'thermo&ynamics for photoanodic decomposition.
Shortly after this assertion it was determined that I” could serve as the
reductant in an n-type CdS-based cell for sustained electricity generation when

Cﬂ3CN is the so]vent?BIn H,0, the Iz or I3f oxidation product from I~ will

oxidatively react with CdS in the dark, but in CH3CN it is apparent that ED°

is more positive than the I'/Ia’ couple. The Ej° is certainly more

2+

positive for CdS in CH3CN than in Hzp, since Cd® is likely solvated better

im Hy0 than in CHyCN. That the 13'/1' couple is more negative in CHCN is
Tikely useful as well. '
Im the Fall of 1977 we reported our results on the sustained conversion
of Tight to electricity using an n-type Si-based photoelectrochemical cell
. employing a non-aqueous, EtOH, electroiyte solution of ferricenium/ferrocene.29
The significant finding was that ferrocene could completely suppress the

growth of 1nsu1at1ng($iox on the surface of the Si photoelectrode. Formation

.of SiOx occurs efficiently and eve:r trace quantities of H20 in non-aqueous
media are sufficient to provide a source of oxygen for the formation of the
Siox. Presumably, ferrocene can capture photogenerated holes at a rate
which precludes such oxide growth. Subsequently, it was found that




‘for n-type MoS, (EBG =1.75 eV) in CH4CN or C,HgOH electrolyte solutions.

ferrocene solutions could be used to obtain constant output from n-type 12
Ge in EtOH-solutionaoand from n-type GaAs in CH,CN solut'ion?h1 Ferrocene is
attractive, since it is a fast, one-electron reductant yielding a product,
ferricenium, which is reducible at the counterelectrode. The
ferricenium/ferrocene potential is such'that a good output voltage can be
obtained for n-type GaAs or Si (>0.5 V at open-c*ircuit)z.ngn-Type Ge yields
a low output voltage and has a small band gap (~0.7 eV).3°
Thus far, the best efficiencfy‘:g.r} electricity generation remains with the
n-GaAs/Sezz'/Se2° aqueous solvent system.zs:‘1 However, non-aqueous electrolyte
cells of 1 - 5% will likely be commo'n without significant efforts toward
optimization. Further, the non-aqueous media allow for fundamental studies
not always possible in HZO owing to solubility or durability of the
semiconductor. For example, we have recently examined the interface energetics

31 the

data allowed a very accurate assignment of the value of EFB at

" 0.30 V + 0.05 vs. SCE. The position of Evg is even more positive than

that for CdS and about the same as ‘l'1'02":z7 This result suggests that visip!e light
generated holes in Mcsz are indeed very powerful oxidants.

Chemically Derivatized Semiconductor Photoelectrodes

The discoverya that ferrocene could completely suppress the
fomtion of smx formation on n-type Si prompted us to consider

: immobi1izing ferrocene centers onto the surface of semiconductors, in order to

protect them from destructive photoreaction while also allowing the
photosensitive material to be useful in-oxidizing or re_ducing substances other
than ferrocene. In particular, we had in mind designing photosensitive
interfaces which would be rugged and could be used to effect contrathermodynamic
oxfdation reaction ordinarily too siow to compete with smx formation at

"naked" (non-derivatized) Si. The hope was that immobilized ferrocene would
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be capable of completely efficiently capturing photogenerated holes and would
be thereby converted to ferricenium at contrathermodynamic potentials. The
photogenerated ferricenium would then be capable of effecting oxidation of
solution reductants. In principle, any substance which can be oxidized
by ferricenium would be oxidizeable with the derivatized Si. The
essence of the concept is illustrated in Fiéure 2.

The exciting idea of semiconductor photoelectrode derivatization was

further stimulated by the work of Anson,32 Hubbard,33 Kuwana,34 Mﬂ]e'r,S Mur'r'ay,36 and

053.37 which was becoming known to us. Their efforts concerning the confinement
of electroactive materials to reversible electrode surfaces provided the point
of immediate departure for a flurry of activity in my research group during
the summer of 1977.

Our approach was to adopt the procedure of surface derivatization using
hydrolytically unstable silanes. For this purpose we synthesized the

species I-III which have all been used to derivatize electrode surfaces.

el A
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‘Various electrode surfaces have'been derivatized with
"“”r’ufg'e’ﬁ't’s'"t__:maa"‘g and characterized by electrochemical,38-40,43-45 »
Auger,42 )(PES.‘n and photoacoustic spectroscopy,so Table III. The
essential results are as follows. Electroactive material can be persistently
attached, and derivatized n-type semiconductors generally give light-induced
contrathermodynamic oxidation of the surface-bound material compared to the

behavior of reversible materials derivatized with the same reagents. The




formal potential, E°, for ferrocene confined to the surface of a reversible
electrode is about the same as for ferrocehe.in solution. But on n-type Si,
the ferrocene can be oxidized contrathermodynamically by ~0.5 V. Further,
for derivatized n-type Si the sequence of events occurs as sketched in
Figure 2 where B = ferrocene or N,N,N',N'-tetramethyl-p-phenylenediamine in
non-aqueous media or [Fe(CN)5]4' in aqueous electrolyte solution. Finally,
Figure 3 illustrates the remarkable ability of the derivatized electrode to
survive as a photoanode compared to the naked electrode; apparently deri-

vatization does not compromise effiéienqy for electricity generation, but

substantial improvement in durability obtains by inhibiting photogenerated

hole processes associated with SiOx formation.

Derivatized semiconductor photoelectrodes offer a way to design
photosensitive interfaces for effecting virtually any redox process.

Efforts here are really just beginning and will comprise an important

part of our continuing research.

Prognosis

Photoelectrochemistry has already provided the most efficient means
of transducing solar energy into chenﬁcgj fuel (Hz + 30, from H,0, ~1%)
or electricity (~12%) using man-contrived, wet-chemical systems.
Theie is great interest in this area; many new and good researchers are
bein§ attracted into the field. Large numbers of research articles
are appearing reporting new systems and higher efficiencies. Significant
advances are likely to be made in preparation of large area, thin film
photoelectrodes, and in surface modification for purposes of manipulating
charge transfer kinetics. The race is on to gain sufficient understanding
to provide a scientific base for a new, large scale energy resource

option for use in the first half of the twenty-first century.
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Table I. Durable Photoanode Materials for Photoelectrolysis of Water.?

Material EBG’ eV Comments Reference
T102 3.0 Rugged, but EBG too large and
ECB and EVB too positive. 11,16
SrT103 3.2 Basis of most efficient cell for
HZ’ 02 production, EBG too large,
Eyq too positive. 13,16,17
VB
SnOZ : 3.5 EBG too large; ECB and EVB too
positive; produces Hzo2 in
acidic media. 16,18a
KTa0y 3.4 Egg t00 large, Eyg too positive. 18b
Féng_ ~2.2 Relatively good visible response
but.E'vB and EbB too positive. 19

aMany other "stable" photoanodes are known (see ref, 13); these are
representative.




TableIl. Non-Oxide Photoanodes Which Can Be"Stabilized"by Chalcogenide Ions.

Semiconductor EBG’ eV References
Cds 2.4
CdSe 1.7 21-25
CdTe 1.4
GaP - 2,2 24c
GaAs 1.4 24c, 25¢c, d
InP 1.3 24d
CuInSz 1.4 25e
3125_3 ~1.4 23




Table II. Electrode Materials Derivatized by Hydrolytically Unstable

Ferrocene Reagents, I, II, or III.

Electrode Commenfs References

Pt Reversible, high coverages, very

durable, E° within 100 mV of

solution ferrocene, Auger and XPES 41-44
Au t of surface shows ferrocene polymer
4 signals.

(photooxidation, dark reduction)
photoanodic peak as negative as
~=0.1 V vs. SCE, ~0.5 V contra-
thermodynamic.

n-type Si {Durable, n-type behavior, 39,40,45,46

~ n-type Ge Lower output photovoltage than 30
n-type Si; dark anodic currents
observed due to surface states
and/or low band gap (0.7 eV).

p-type Ge & Si Not Fully Characterized 47

n-type MoS, Not Fully Characterized 48

contrathermodynamic photo-

n-tybe GaAs Similar to n-type Si, but more 49
' oxidation routinely possible

evidence for "surface states" located

n-type T'iOz {:ﬁot fully characterized, but shows 48
between ECB and EVB'




Figure Captions

Figure 1. Photocurrent against time for 632.8 nm ( ~3 mW ) illumination
of single crystal (0001 face exposed) n-type CdSe (EBG = 1.7 eV) photoanode

in 1.0 M NaOH (@) and 1.0 M NaOH, 1.0 M Na,S,1.0MS (0) aqueous electrolytes
with a Pt counterelectrode. The current in the Snz' electrolyte was continued
an additional 48 h without variation. In the absence of S’
falls rapidly owing to photodegradation of surface. Reprinted with permission
from E11is, A. B.; Kaiser, S. W.; Wrighton, M. S. J. Am. Chem. Soc., 1976,
98, 6855.

" photocurrent

Figure 2. Pictorial representation of mediated oxidation of solution species B

where A is the electrode-attached electroactive species. Reprinted with

permission from Bolts, J. M.; Bocarsly, A. B.; Palazzotto, M. C.; Walton, E. G.;

Lewis, N. S.; Wrighton, M. S. J. Am. Chem. Soc., 1979, 101, 1378.

Figure 3. "Stabilization" of n-type Si in aqueous solution by derivatization.
Plots of photocurrent against time for a single n-Si electrode illuminated
with 632.8 nm light .- Photoelectrode held at +0.2 V vs. SCE in
stirred solutions. Supporting electrolyte is 0.1 ﬂNaClO4 in doubly
distilled deionized HZQ. Run 1 (A), HF-etched "naked" electrode in supporting
electrolyte only. Run 2 (0), "naked" electrode re-etched with HF, in
supporting electrolyte plus 4 x 10'3E_Fe(£N)64'. Run 3 (0), electrode
derivatized with (1,1'-ferrocendiyl)dichlorosilane, II, in same solution as
run 2.. Reprinted with permission from Bolts, J. M.; Bocarsly, A. B.;
Palazzotto, M. C.; Walton, E. G.; Lewis, N. S.; Wrighton, M. S.

'J._Am. Chem. Soc., 1979, 101, 1378. :
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